Population outbreaks in tundra rodents have intrigued scientists for a century as a result of their spectacular appearances and their general lessons in ecology. One outstanding question that has led to competing hypotheses is why sympatric lemmings and voles differ in regularity and shape of their outbreaks. Lemming outbreaks may be lost for decades while vole populations maintain regular population cycles. Moreover, when lemming populations eventually irrupt, they do so more steeply than the vole populations. Norwegian lemmings exhibited a large-scale outbreak synchronously with gray-sided voles in Finnmark, northern Fennoscandia, during 2006 to 2007 for the first time in two decades. Analyses of spatial variability of this outbreak across altitudinal gradients allowed us to identify determinants of the contrasting lemming and vole dynamics. The steeper lemming outbreak trajectories were caused by breeding and population growth during winter, when nonbreeding vole populations consistently declined. The differently shaped lemming and vole outbreaks appear to result from a particular demographic tactic of lemmings that evolved as an adaptation to the long and cold Arctic-Alpine winters. The lemming outbreak amplitude increased with altitude and vole density, indicating that lemming outbreaks are jointly facilitated by low temperatures and apparent mutualism with voles mediated by shared predators. High sensitivity to variation in climate and predation is likely to be the reasons why lemmings have more erratic population dynamics than sympatric voles. The combination of continued climatic warming and dampened vole cycles is expected to further decrease the frequency, amplitude, and geographic range of lemming outbreaks in tundra ecosystems.
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arctic tundra | climate impact | density dependence | spatial population dynamics F or centuries, lemmings have caught the attention of naturalists and scientists as a result of their spectacular population dynamics and keystone functioning in tundra ecosystems (1) (2) (3) (4) . Charles Elton (5) was the first to recognize the cyclic nature of lemming population outbreaks-a discovery that initiated a lasting research tradition that aims to identify causes of multiannual cycles in animal populations (6) .
Current research on lemmings has been fueled by two recent discoveries made in the case of the Norwegian lemming Lemmus lemmus, the most renowned lemming species (3). The first is that its outbreak trajectory is differently shaped from that of the graysided vole (Myodes rufocanus), the often codominant rodent species, which always exhibits population peaks synchronously with the lemming. Specifically, the lemming population erupts more steeply than the vole population. This discrepancy in "outbreak topology" has been suggested to result from different trophic interactions; the "sharp" lemming outbreaks from an interaction with food plants, the "blunt" vole peaks from an interaction with predators (7, 8) . However, there are still contrasting views on which factors regulate lemming populations (4, 6, 9) .
The other issue renewing ecologists' search for circumstances causing cyclic population outbreaks is the recent emergence of collapsed cycles in several species (10) . One well documented case of a recent absence of outbreaks is that of a local Norwegian lemming population in alpine southern Norway, where cyclic outbreaks at regular 3-to 4-y intervals prevailed until the past 15 y (11). However, this recent incident is not unprecedented. In large tracts of sub-and low-Arctic Fennoscandian tundra, the Norwegian lemming population has erupted only two times since the 1970s, during which time, interestingly, the sympatric graysided vole has maintained a regular 5-y population cycle (7, 8) . Thus, the northern Fennoscandian tundra offers opportunities to elucidate why lemming and vole outbreak trajectories differ and why lemming outbreaks may get lost for long time periods.
Besides the possibility that lemming-plant interactions are more prone to irregularities (including a more variable outbreak amplitude) than vole-predator interactions (8) , there are two other hypotheses explaining why cyclic lemming outbreaks are impeded while sympatric voles maintain cycling. One assumes that lemmings are more sensitive than voles to climate variation (10, 12) . The other emphasizes community processes and predicts that lemming outbreaks are limited by indirect interaction with voles mediated by shared predators (13) (14) (15) . To our knowledge, no previous study has evaluated the relative merits of these (not necessarily mutually exclusive) hypotheses.
During 2006 to 2007 a large-scale Norwegian lemming outbreak arose in Finnmark, in sub-and low-Arctic Fennoscandia, for the first time in at least two decades. Based on spatially extensive monitoring of rodent populations at 109 tundra sites spanning an area of 10 000 km 2 , we were able to encompass substantial spatial variation in outbreak amplitude along replicated climatic (i.e., altitudinal) gradients in lemmings and graysided voles. Here we provide an analysis of this variation that sheds light on the differences and interrelations between lemming and vole dynamics and which factors may impede lemming outbreaks for decades.
Results
To visually illustrate the spatiotemporal features of the lemming outbreak compared with the dynamics of the gray-sided vole in the entire monitoring area, we display spatially averaged outbreak trajectories for six separate subregions (Fig. 1) . Although all rodent populations simultaneously had converged on very low postoutbreak densities by spring 2008, the incipient stage of the lemming outbreak differed markedly from that of the gray-sided vole. The onset of the lemming irruption was delayed compared with the onset of the increase phase of voles. From its onset, the lemming outbreak arose steeply to reach sharp peaks simultaneously across the study region in fall 2007, although with large spatial variation in outbreak amplitude (i.e., peak densities; Fig. 1 ). Peak densities also varied in voles, but were reached more gradually, and the dynamics were more spatially asynchronous than in lemmings.
To provide a quantitative, comparative assessment of population trajectories and their potential determinants in lemmings and voles, we analyzed site-specific seasonal (winter and summer) growth rates during the lemming outbreak period (fall 2006 to fall This article is a PNAS Direct Submission. S.B. is a guest editor invited by the Editorial Board.
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). On average, the Norwegian lemming had positive winter growth rates, whereas they were consistently negative in the graysided vole (Table 1 and Fig. 1 ). Summer growth rates in lemmings and voles were positive, although somewhat lower in the lemmings ( Table 1 ). The degree of spatial coherence in growth rates was assessed by computing Moran I statistics. Also, this spatial aspect of the seasonal dynamics differed between the lemming and the vole. Lemming growth rates exhibited spatial autocorrelation in winter, but not in summer, whereas the gray-sided vole had the opposite seasonal difference (Table 1) .
We used linear state-space models (Methods) to estimate the effect of the following potential predictors of seasonal growth rates (all model coefficients are provided in Table 1 ): direct density dependence, altitude (as a proxy of climatic variation), and density of voles (to estimate the effect of community interactions). Winter and summer growth rates were negatively density dependent in the lemming, although more strongly so in winter than in summer. In the vole, only summer growth rates were density dependent. Population growth in the vole was generally unaffected by altitude. In contrast, lemming populations grew more steeply with increasing altitude, causing the outbreak to reach the highest amplitude at the highest altitudes (Fig. 2) . The altitude effect was strongest during the winter (Table 1) . Indirect community interactions were indicated by a positive effect of density of voles on lemming growth rate during the winter.
Discussion
Our spatially extensive seasonal monitoring, which happened to encompass the now rare event of a proper lemming outbreak in northern Fennoscandia, allowed us to provide a detailed comparison of the topology of the lemming outbreak with the simultaneous dynamics of the gray-sided vole. In accordance with previous studies (7, 8) , the lemming exhibited a steeper increase phase than that of the vole. However, the previous studies based their analysis of population growth rates taken at an annual time scale (fall to fall); i.e., the population dynamics were not separated into seasonal components. In contrast, we analyzed growth rates for summers (spring to fall) and winters (fall to spring) separately and thereby can provide unique insights into the basis for the lemming-vole dichotomy.
Proximately, the more rapid increase in the lemming was a result of population increase in winter, when the vole populations steeply decreased. Population increase during winter in lemmings results from winter reproduction (4, 16)-a demographic trait virtually absent in the gray-sided vole (14) . The recruitment com- ponent of lemming winter growth can also explain why only lemmings exhibited density-dependent growth rate in winter, as recruitment in northern rodents appears to be more sensitive to density than adult survival (17) . In essence, our analysis suggests that the contrasting topologies of the population peaks in lemmings and voles are more likely caused by different intrinsic demographic tactics than different trophic interactions. Winter reproduction in lemmings, the only truly arctic small rodent taxon, is likely to have evolved as an adaptation to the 9-to 10-mo winter at high latitudes and altitudes. Thus, it appears to us that a taxonspecific demographic tactics is the most parsimonious explanation for the propensity for irruptive outbreak dynamics across all lemming species and a range of food web contexts in the circumpolar Arctic (8) .
The variable outbreak amplitude across the extensive tundra region encompassed by our monitoring program allowed us to use a spatial approach to test hypotheses about what impedes lemming outbreaks. First, the climate hypothesis predicts that lemming outbreaks depend on low temperatures caused by snow cover properties (11, 18) or improved food quality (19) . The monitoring program was specifically designed to include replicate altitudinal gradients as proxies for spatial climatic variation among tundra sites. Consistent with the expectation from a climate effect, we found that lemming population growth increased steeply with altitude. The most elevated tundra sites at 300 to 350 m above sea level were associated with lemming outbreak densities that were approximately three times higher than sites 200 m lower in the altitudinal gradients (Fig. 2) . Interestingly, similar altitudinal gradients in outbreak amplitude have recently been demonstrated for cyclically outbreaking subalpine populations of moths (20, 21) .
The lack of any effect of altitude on the dynamics of the graysided vole is consistent with the hypothesis that lemmings are the most climate-sensitive among northern rodents (10, 12) . The altitude effect on lemmings was strongest in winter, thus also supporting previous findings that climate impacts through snow cover properties (11) . The more modest summer effect indicates that some additional mechanism also contributes, for instance, temperature-dependent quality of mosses (19) . Consequently, lemmings may be more sensitive to high temperatures than voles as a result of different diets (i.e., reliance on mosses; ref. 1) and intrinsic demographic tactics (i.e., winter breeding before outbreaks; ref. 16) .
It has been hypothesized that Norwegian lemmings do not reach high abundances at low altitudes because of apparent competition with voles mediated by shared predators (8, 15) .
However, the results of our analysis do not support this hypothesis. First, voles were not more abundant at low altitudes (Fig. 2) . Second, we found evidence for a positive effect of vole density on lemming population growth. As shown by theoretical modeling (22) , community dynamics driven by cyclic predatorprey interactions is sensitive to the (empirically unknown) shape of predator functional and numerical responses and may also imply positive indirect interactions between prey species, termed apparent mutualism. Empirically, such an outcome has been found to be operating between arctic birds and rodents, in that case termed an alternative prey mechanism (23). Here we suggest that an alternative prey mechanism may be operating among species of northern rodents. Consequently, although Norwegian lemming outbreaks depend foremost on long and cold winters, providing a favorable environment for winter breeding, high vole abundance appears to contribute to lemming population increase, probably by providing a short-term release from a "predator pit" (24) . Coincidences of these two conditions may have become rarer in northern Fennoscandia during recent decades as to cause a paucity of lemming outbreaks in this region. The climate has become warmer and the vole cycle has changed in terms of dampened amplitude (10) and longer intervals between cyclic peaks (25) .
In conclusion, our study points to the particular adaptations and sensitivities of lemmings to conditions during the AlpineArctic winters, including climate and predation, as the main reason for why lemmings differ from voles in terms of topology and regularity of their outbreaks. Continued climatic warming and dampening of vole cycles in tundra ecosystems can be expected to decrease the frequency, amplitude, and geographic range of lemming outbreaks in the future.
Methods
Study Area and Monitoring Design. Since spring 2004, we have used a largescale, permanent system for monitoring rodent populations in the tundra of eastern Finnmark, Norway (70°N to 71°N) . High-amplitude Norwegian lemming outbreaks are so conspicuous that they are reliably reported in local newspapers (1, 12) . The last recorded high-amplitude outbreak in eastern Finnmark before the onset of our monitoring was in 1978. At a more southwestern site in Finnmark, where a local trapping-based census of tundra rodent populations has been maintained since 1977, lemming outbreaks were recorded in 1978 and 1988 (7, 8) . Thus, lemming outbreaks in Finnmark occur at irregular intervals, sometimes with decades between consecutive outbreaks. However, during the same three decades, peak years in the gray-sided vole have occurred regularly according to a 5-y cycle (10). The last vole peak year before our monitoring commenced was in 2002 (26) .
The monitoring system encompasses 109 permanent census sites distributed in treeless tundra easily accessible from roads. At each site a trapping Growth season means are based on all site-specific growth rates (N = 109) in the study region (Fig. 1) taken as R W = log(n spring 2007 + 1) -log(n fall_2006 + 1) and R S = log(n fall_2007 + 1) − log(n spring_2007 + 1), where n is the number of individuals per trapping site per season (spring and fall) and year (2006 and 2007). Moran's I statistics quantify spatial autocorrelation in growth rates among trapping sites at two spatial scales. Coefficients of linear state-space models (with 95% credible intervals in brackets) quantify the partial effects of density dependence, altitude and density of voles (only applicable in case of lemmings) on seasonal growth rates. Note that negative density-dependence implies β dd < 1.
Significant autocorrelation at *P < 0.0001 and † P < 0.001. ‡ Significant coefficient.
unit (a 15-m × 15-m small quadrate) with 12 snap traps is activated for 2 d shortly after snow melt in late June (spring) and in mid-September (fall) every year (ref. 27 provides details). We used snap trapping and a fairly low sampling intensity per site to be able to complete the spatially extensive sampling within a short period (8 d) in each season. The sites within the different altitudinal gradient (i.e., subregions; Fig. 1 ) were trapped simultaneously. Accessibility together with natural topographical features such as peninsulas, fjords, and valleys cause the sites to be somewhat aggregated in six subregions (Fig. 1) . To include spatial variation in climate as a key aspect of the monitoring design, census sites are distributed along altitudinal gradients within the subregions (whenever topography and accessibility allowed). The orographic effect in this region typically amounts to a decrease of approximately 0.6°C per 100 m (28) . The lower end of these gradients is usually set by the presence of subalpine forest, whereas the upper end is set where the tundra vegetation becomes discontinuous. The sites included an approximately equal proportion of xeric and mesic tundra vegetation and care was taken not to obtain any altitudinal or other spatial biases in tundra type.
Statistical Analysis. We assessed autocorrelation in raw seasonal growth rates (as defined in the legend to Table 1 ) as well as residuals from statistical models (as detailed later) by means of Moran I statistics (29) . We computed Moran I statistics for two nonoverlapping spatial scales defined by neighborhood graphs; i.e., 0 to 10 km and 20 to 50 km. We confirmed that we had not missed any spatial structure in the data beyond the spatial scales used in the Moran I analysis by also inspecting spline-based correlograms (30) .
To assess potential determinants of spatial variation in seasonal growth rates of lemming and gray-sided vole, we used linear state-space models (31) with seasonal population density (X t estimated by using the number of individuals caught per site N t , as detailed later) as the response variable. The baseline model included population density in the preceding season (X t−1 ) as a predictor, as this model implicitly represents the growth rate as follows:
and because direct density dependence (i.e., β dd < 1 implies negative density dependence) is notoriously a strong predictor of lemming and gray-sided vole population dynamics (11, 14) . Delayed density dependence (i.e., dependence on X t−2 ) was not considered as we analyzed growth rates only during the lemming outbreak period (fall 2006 to fall 2007). The model considering dynamics during the outbreak summer (i.e., R S ) had X t = Fall_2007 as response and X t−1 = Spring_2007 as predictor, whereas the model of winter dynamics (i.e., R w ) had X t = Spring_2007 as response and X t−1 = Fall_2006 as predictor. Because the values for the response and the predictor are affected by stochastic sampling variability (i.e., "measurement error") that will affect estimates of density dependence, we used a statistical model assuming that observed numbers were the realization of a Poisson process (31) This baseline model was fitted with site-specific altitude and vole density (in case of the lemming) as additional predictor terms. Altitude served as a proxy for spatial variation in climate (as detailed earlier). Density of voles was predicted to affect lemming growth rate only indirectly through shared predators, as lemmings are competitively dominant to voles (13) . We tried the effect of vole density separately in the preceding spring and fall (14) , but because this gave similar results, we present only the results for vole spring densities ( Table 1 ). The measurement errors in vole density were handled as detailed earlier.
The state space models were fit using a Bayesian approach and parameter posterior densities were numerically estimated by using Markov chain Monte Carlo simulations (32, 33) . We used standard methods to assess the convergence of numerical chains, such as the Gelman and Rubin (34) convergence diagnostic (convergence was considered as good when we had scale reduction of R < 1.005 for all parameters). Spatial autocorrelation in the residuals was checked with the use of Moran I statistics, but was not found to be present in any of the models. Statistical significance was assessed in terms of 95% credibility intervals. All analyses were done in R (35) .
